Introduction
3D chromatin organization is an essential component of transcriptional regulation [ 1 , 2 ] . The function of enhancers and insulators requires the formation of 3D chromatin loops ( [ 3 , 4 ] and Fig. 1 , left), whereas the recently discovered Topological Associated Domains (TADs) appear to spatially structure and separate gene regulatory domains [ 5 -7 ] . Genomic regions that bind the repressive Polycomb group proteins ( PcG-proteins ) and that carry the associated H3K27me3 histone mark form specialized 3D chromatin structures as well. The fi rst 3C studies (Chromosome Conformation Capture) in human and Drosophila cells identifi ed complex loop structures at the GATA-4 gene (in cultured human Tera-2 1 embryonic carcinoma cells, [ 8 ] ) and the bithorax complex (BX-C in Drosophila embryonic cells, [ 9 ] ). More recent 4C-seq studies in mouse embryos reported that the repressed Hox gene clusters form local 3D chromatin compartments. In these dynamic 3D compartments the H3K27me3 marked chromatin clusters together, following the temporal and spatial repressed state of the Hox genes ( [ 10 , 11 ] and Fig. 1 , left) . Moreover, in mouse and Drosophila cells, PcG targets form long-range contacts among each other despite being separated by many megabases on the same chromosome or being located on different chromosomes ( [ 10 , 12 -14 ] and Fig. 1 , left) . Multiple specialized and 3D chromatin structures are therefore dynamically associated with PcG-mediated repression in mammalian and insect cell systems.
Among the most used techniques to study 3D genome organization at high resolution is the 4C-seq technique (Circular Chromosome Conformation Capture followed by Illumina sequencing). 4C-seq is a genome-wide adaptation to the original 3C technique [ 15 ] that was originally developed for readout with microarrays (4C, [ 16 ] ). In a 4C-seq experiment, the genome-wide 3D interactions of preselected genomic sites (the so-called "viewpoints") are identifi ed and quantifi ed. Due to this focus on individual viewpoints, typically several tens of thousands of interacting sites can be identifi ed in a single experiment, which makes 4C the most comprehensive approach for individual genomic sites available (as compared to other genome-wide adaptations to the 3C approach like 5C, HiC, and ChIA-PET). The combination of 4C with Illumina sequencing allows sequencing of up to 20 viewpoints at a time, thereby considerably improving the throughput of the experiments. e n t L o n g -r a n g e P c G c o n t a c t s
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Fig. 1 The principle of proximity ligation for the detection of 3D chromatin interactions. Chromatin fragments that are in spatial proximity are cross-linked in vivo using formaldehyde ( red bars ). After enzymatic digestion, only cross-linked fragments are kept together. Proximity ligation circularizes those fragments that are together due to their shared cross-links 4C-seq, like all 3C-based assays, relies on "proximity ligation" to detect contacts between DNA fragments (Fig. 1 , right) . First, 3D chromatin organization is fi xed in vivo over short distance using formaldehyde cross-linking . Next, chromatin is fragmented using a restriction enzyme, only keeping fragments together that were cross-linked due to their initial spatial proximity. In a fi nal step, the DNA is ligated under diluted conditions, thereby promoting ligation between fragments that are present in the same cross-linked complexes. Using the frequency of ligation between pairs of restriction fragments as readout, 3D chromatin interactions can next be determined. By interrogating the ligation events of a viewpoint, typically in around 100,000 cells, an average snapshot of 3D chromatin organization within the cell population can be obtained. Depending on the downstream bioinformatics analysis, local 3D organization, long-range interactions or differences in 3D organization between cell types or experimental conditions can be determined.
In this chapter, we provide a detailed description of the 4C-seq approach, with particular emphasis on the experimental procedures ( see Fig. 2 ). This protocol generates a very high-resolution description of 3D chromatin organization for individual viewpoints, by using two sequential rounds of frequent cutting restriction enzymes (4 bp recognition sites, resulting in an average distance between informative restriction fragments of 1-1.5 kb). The fi rst section of this protocol describes the preparation of cross-linked nuclei from tissue samples, which can be used with minor modifi cations for cultured or circulating cells as well ( see Notes 1 and 6 ). In the second section, a circularized 3C library is generated using a fi rst round of digestion and (proximity) ligation on cross-linked chromatin followed by a second round of digestion and ligation on naked DNA. In the third section, a 4C-seq library for Illumina sequencing is generated by PCR amplifi cation of the circularized 3C library with viewpoint-specifi c inverse primers. In the fi nal section, an overview of the data analysis strategy is provided, accompanied by links to recently published and publicly available resources that can be used for the bioinformatics analysis of 4C-seq data.
4. 37 % w/v formaldehyde solution. 2. Sequester the SDS in the solution by adding 50 μl of a 20 % Triton X-100 solution (fi nal concentration 2 %) and incubate for 1 h at 37 °C in a shaker at 750 rpm. Optionally, a 5 μl aliquot can be taken at this point as "undigested control". See in step 4 of this subheading how to revert cross-links and visualize this control.
3. Digest the cross-linked DNA by adding 400 Units of the selected restriction enzyme and incubate for 4-6 h at 37 °C in a shaker at 750 rpm. Add another 400 Units of the restriction enzyme and incubate overnight at 37 °C in a shaker at 750 rpm.
4. Prior to continuation, verify the effi ciency of the DNA digestion. Take a 5 μl aliquot as "digested control". The optional "undigested control" from step 2 should be added here as well.
The remainder of the digested samples can be stored at 4 °C before continuing at step 5 . Add 90 μl ultrapure water and 5 μl of a 5 M NaCl solution to the control(s) and incubate for 2 h at 65 °C in a shaker at 750 rpm. Lower the temperature to 45 °C, add 2 μl of a 1 M Tris-HCl, pH 7.5 solution, 2 μl of a 0.5 M EDTA solution and 2 μl of a Proteinase K solution and incubate for 2 h at 45 °C in a shaker at 750 rpm. Lower the temperature to 37 °C, add 2 μl of an RNaseA solution and incubate for 30 min at 37 °C in a shaker at 750 rpm. Transfer sample to a safety cabinet, add 120 μl of a phenol-chloroform-IAA solution and shake vigorously. Centrifuge the sample for 15 min at maximum speed (typically around 20,000 × g ) at 20-25 °C. Transfer aqueous phase to a new plastic micro tube, add 12 μl of a 2 M NaAc solution, add 300 μl of 100 % ethanol and centrifuge for 30 min at maximum speed at 4 °C. Remove the supernatant, add 200 μl of a 70 % ethanol solution and centrifuge for 10 min at maximum speed at 4 °C. Briefl y air-dry sample and dissolve the sample in 20 μl ultrapure water. Visualize the sample on a 1.5 % agarose gel. The sample should run as a large smear with highest intensity between 500 and 1000 bp ( see Fig. 4a ). If the chromatin shows good digestion, the remaining sample can be further processed (continue to step 5 ). If chromatin is partially digested, showing a smear with highest intensity in the range of 1-5 kb, step 3 of this subheading should be repeated with the remaining sample. If no or minimal digestion has occurred, tissue preparation, cell lysis or the choice of restriction enzyme should be optimized ( see Notes 1 , 3 and 6 ).
5. Take the remainder of the digested nuclei (between 500 and 600 μl) and inactivate the remaining restriction enzyme by adding 40 μl of a 20 % SDS solution (fi nal concentration around 1.5 %) and an incubation of no more than 20 min at 65 °C.
6. Transfer the sample to a 50 ml conical tube and transfer to a 37 °C water bath. Add 6.13 ml 1.15× ligation buffer (premixed: 710 μl 10× ligation buffer + 5.42 ml ultrapure water), 8 add 375 μl of a 20 % Triton X-100 solution to sequester the SDS and incubate for 1 h at 37 °C, with occasional shaking.
7. Transfer the sample to a 16 °C water bath and incubate for 15 min. Ligate the diluted cross-linked DNA fragments by adding 100 Units of T4 DNA ligase and incubation at 16 °C for 4 h, followed by 30 min at 20-25 °C.
8. De-cross-link the sample by adding 15 μl of a Proteinase K solution and overnight incubation in a water bath at 65 °C.
9. Transfer the sample to a 37 °C water bath, add 30 μl of RNaseA solution and incubate for 45 min at 37 °C. Transfer the sample to a safety cabinet, add 7 ml of a phenol-chloroform-IAA solution, shake vigorously and centrifuge for 15 min at 3200 × g at 20-25 °C. Transfer aqueous phase to a new 50 ml conical tube and add 7 ml of ultrapure water, 1.5 ml of a 2 M NaAc solution, and 35 ml of 100 % ethanol. Mix gently and place at −80 °C for at least 2 h. Centrifuge for 45 min at 3200 × g at 4 °C. A relatively large pellet will be visible that consists mainly of salts from the ligation buffer ( see Note 8 ). Remove the supernatant, add 25 ml of a 70 % ethanol solution and centrifuge for 15 min at 3200 × g at 4 °C. Remove the supernatant, dry for 1 h at 55 °C, transfer the sample to a 37 °C water bath and dissolve the pellet by adding 150 μl of a 10 mM Tris-HCl, pH 7.5 solution and 1 h incubation combined with occasional tapping of the tube. After a 1-h incubation, the pellet should have fully dissolved.
10.
Transfer the solution to a 1.5 ml plastic micro tube. Measure 2 μl of the solution using a dye-incorporation based method (e.g., Qubit, see Note 8 ). When starting with 1 × 10 7 cells, the remaining amount of DNA should typically be around 40 μg. Run 500 ng of the sample on a 1.5 % gel to confi rm the effi ciency of ligations ( see Fig. 4b ). The sample may be stored at −20 °C for several weeks at this stage. . Right : titration to fi nd the optimal concentrations for PCR amplifi cation (iF and IR test primers). Too low concentrations result in poor yield, whereas overloading of the PCR results in an unwanted shift towards smaller fragments. Linearity here is observed in lanes 1-5 (3.13-50 ng per PCR reaction), after which the reaction becomes overloaded. The optimal concentration in this example is therefore 50 ng per PCR reaction. All samples were visualized on 1.5 % agarose gels with a 100 bp or 1 kb ladder as reference (sizes of bands indicated in red ). Primer sequences in Note 4 add 1 ml of a 70 % ethanol solution and centrifuge for 10 min at maximum speed at 4 °C. Briefl y air-dry sample and dissolve the sample in 100 μl ultrapure water. Verify the effi ciency of the digestion by visualizing 2.5 μl of the sample on a 1.5 % agarose gel ( see Fig. 4c ).
13. Subsequently, the fi nal circularized 3C-library is generated by re-ligation under diluted conditions. Transfer the sample to a 50 ml conical tube, add 12.5 ml ultrapure water, add 1.4 ml 10× ligation buffer and transfer the tube to a 16 °C water bath. Add 200 Units of T4 DNA ligase and incubate for 4 h at 16 °C followed by 30 min at 20-25 °C.
14. Transfer the sample to a safety cabinet, add 14 ml of a phenolchloroform-IAA solution, shake vigorously and centrifuge for 15 min at 3200 × g at 20-25 °C. Transfer the aqueous phase to a new 50 ml conical tube, add 14 ml of ultrapure water, 2.8 ml of a 2 M NaAc solution, mix gently, and divide the solution equally over two 50 ml conical tubes. Add 35 ml of 100 % ethanol to each tube, mix gently and place at −80 °C for at least 2 h (or overnight). Centrifuge for 45 min at 3200 × g at 4 °C. In both tubes, a relatively large pellet will be visible ( see After PCR, visualize 20 μl of the material on a 1.5 % agarose gel. The optimal concentration is the sample where the intensity of the smear is still linearly increased, where the size range in PCR products is maximal and where minimal primer dimers are detected ( see Fig. 4d , right) .
Prepare as many PCR reactions as necessary to amplify a total
amount of 1 μg circularized 3C library, containing iF and iR primers with Illumina sequences ( see Note 4 for design strategy). Use the same PCR program as mentioned in step 1 .
3. After PCR, pool products from the same viewpoint, add fi ve volumes of Qiagen PB loading buffer and load two QIAquick Spin Columns with the PCR product (columns may need to be loaded multiple times). After each loading step, centrifuge for 1 min at maximum speed (typically around 20,000 × g ) at 20-25 °C and remove the fl ow through. After loading, add 600 μl wash buffer PE and centrifuge for 1 min at maximum speed at 20-25 °C. Remove the last traces of wash buffer by transferring the spin columns to new plastic 1.5 ml micro tubes and 1 min centrifugation at maximum speed at 20-25 °C. Elute
Optimization of PCR Conditions and Preparation of 4C-seq Libraries
the samples by transferring the spin columns to new plastic 1.5 ml micro tubes, add 50 μl of ultrapure water to each Spin column, incubate for 1 min at 20-25 °C and 1 min centrifugation at maximum speed at 20-25 °C. Load the Spin columns a second time with 50 μl ultrapure water and centrifuge for 1 min at maximum speed at 20-25 °C.
4. Pool the eluate of both columns and measure 2 μl of the solution using a dye-incorporation based method (e.g., Qubit).
5. Verify that the material has amplifi ed well and that most unincorporated primers have been removed by visualizing the material on a 1.5 % agarose gel ( see Fig. 4d ).
6. Pool PCR products of up to 20 viewpoints together (or barcoded PCR products, if the same viewpoint from different samples should be pooled, see Note 4 ) at a fi nal concentration of 1.625 μg/μl. To avoid imbalances within the fi rst six bases that are used for base calibration, particularly when few different viewpoints or barcodes are used, we advise mixing in 25 % PhiX balancer DNA. Samples can be sequenced on the Illumina HiSeq system using at least 75 bp read length without further processing. Due to the wide length distribution of the PCR amplifi ed material, we load the fl ow cell at moderately reduced cluster density (around 50-75 %).
After Illumina sequencing, bioinformatics tools should be used to generate a density profi le of (averaged) DNA contacts for each viewpoint. In recent years, several 4C-seq data analysis pipelines have been developed. Publicly available examples are indicated in Subheading 2.4 . All abovementioned pipelines essentially follow the same data fl ow, as briefl y outlined below (discussed in more detail in ref. 21 ). Most pipelines were developed with a specifi c biological question in mind, therefore using somewhat different strategies to identify signifi cant interactions and/or changes in 3D genome organization. The choice of pipeline should be made with the biological question and availability of bioinformatics infrastructure in mind.
Summary of common data analysis steps:
1. Demultiplexing of data using the sequence specifi c iF sequence (and optional barcode) to identify the viewpoint-origin. Followed by removal of iF primer and barcode sequences.
2. Mapping of the remainder of reads to the reference genome followed by exclusion of reads that do not map next to restriction sites. This mapping serves as the quantitation of proximity ligation events between the viewpoint and other restriction fragments, thereby providing the snapshot of average genomewide 3D chromatin interactions. Depending on the pipeline, the reads can further be translated into restriction fragments
Data Analysis
and can be fi tted to polymer-based models that compensate for reduced contact frequencies at increasing distance from the viewpoint.
3. In the fi nal step, signifi cant interactions within data sets or signifi cant changes between data sets are determined. Depending on the pipeline, different approaches may be taken:
-Running mean approaches with fi xed window-size and thresholding to identify distant interacting regions.
-Domainogram approaches [ 22 ] , using multi-scale clustering in windows of variable size to determine local interaction trends or to identify signifi cant distant interacting regions and determine their approximate size.
-Statistical approaches, using variance-stabilizing transformation, to reliably determine differences in 3D organization between different samples at different length scales.
Notes
1. This protocol is optimized for mammalian tissue samples. With minor modifi cations it may be used for circulating cells, cell lines and tissues samples from other organisms as well. In these cases, the cell lysis may need to be optimized ( see Note 6 ). The collagenase treatment can be omitted for circulating cells and for cell lines that do not produce collagen. If required for cell lines, we advise to do trypsin treatment prior to the start of the described protocol.
2. This protocol is optimized for 10 million mammalian cells (1 × 10 7 cells), which corresponds to about 60 μg of chromatin. If different starting amounts are used, all volumes should be scaled accordingly. Doing the experiment on fewer than 1 million cells (1 × 10 6 cells) is not advised as loss of material during the procedure will generally result in insuffi cient material for the fi nal PCR amplifi cation.
3. High-resolution 4C-seq uses two sequential digestions with restriction enzymes that have a 4 bp recognition site. Depending on the species and the choice of restriction enzymes, the distance between informative restriction fragments is in the order of 1-1.5 kb. The choice of restriction enzymes should depend on the following parameters:
-The primary and secondary restriction enzyme should be insensitive to the methylation state of the DNA (e.g., CpG methylation in mammalian cells).
-The primary restriction enzyme should be capable of digesting cross-linked DNA with high effi ciency at 37 °C. For mammalian cells, results with only four restriction enzymes 14 have been published so far: DpnII and its isoschizomer MboI (recognizing GATC), NlaIII (recognizing CATG), and Csp6I (recognizing GTAC) [ 10 , 18 , 23 ].
-At the intended viewpoint, digestion with the primary restriction enzyme should generate a restriction fragment that is at least 700 bp long. Though we and other groups have used smaller fragments (up to 500 bp, [ 23 ]), the success rate of smaller fragments in our hands is less reliable. See also Fig. 3a .
-Several secondary restriction enzymes have been successfully used: DpnII (GATC), NlaIII (CATG), Csp6I (GTAC), TaqαI (TCGA, 65 °C), and MseI (TTAA) [ 10 , 18 , 24 -26 ] . At the intended viewpoint, the secondary restriction enzyme should cut at least 250 bp away from the primary restriction enzyme to allow for effi cient circularization [ 27 ] . See also Fig. 3a .
4. Good quality primers at the intended viewpoint are essential for obtaining high-quality 4C-seq data. The design strategy we present here is optimized for the Illumina HiSeq system with single-end (SE) sequencing and 100 bp read length. The use of paired-end (PE) reads or other Illumina sequencing platforms requires a modifi ed Illumina P7 sequence. Guidelines for primer design ( see also -Illumina sequencing will be directed from the iF primer, whose sequence up to the restriction site will be included into the Illumina read. We design the iF primer within the fi rst 30 bp from the primary restriction site to keep sufficient read length for the identifi cation of interacting fragments (RE 1 in Fig. 3a ).
-The optimal length of PCR products for Illumina sequencing, without added Illumina adapters is around 150 bp (supplemental Fig. 5 in [ 10 ] ). To promote the effi ciency of sequencing, we keep the average fragment length as short as possible by designing the iR primer within the fi rst 50 bp from the secondary restriction site (RE 2 in Fig. 3a ).
-After primer design, we test the quality of the iF and iR primers, without Illumina adapters, by PCR amplifi cation on a circularized 3C template followed by gel electrophoresis ( see Fig. 4d , left) . The resulting PCR products should run as a large smear with maximum size between 1 and 1.5 kb. In many cases, an undigested fragment can be observed with a predictable length ( see also Fig. 3a ) . Few other discrete bands may be visible as well. Primers are rejected if (1) a very weak smear is detected, (2) a smear with a maximum below 1 kb is detected, (3) a very faint smear with a very strong undigested band is detected, (4) a faint smear with multiple strong (over 5) discrete bands is detected or (5) mainly primer-dimers or other fragments below 100 bp are detected.
-After verifi cation of the primers, Illumina adapter sequences are added ( see Fig. 3b ):
iF: AATGATACGGCGACCACCGA (Illumina P5 sequence)-ACACTCTTTCCCTACACGACGCTCTTCCGATCT (Illumina sequencing primer)-optional barcode-viewpoint specifi c primer sequence.
iR: CAAGCAGAAGACGGCATACGA (short Illumina P7 sequence)-viewpoint specifi c primer sequence.
Primers should be PAGE purifi ed. Similar to the short primers, the quality should fi rst be tested by PCR amplifi cation on a circularized 3C template followed by gel electrophoresis ( see Fig. 4d , middle ). An optional 4-6 bp barcode can be added to the iF primer if the same viewpoint from different samples is sequenced in the same Illumina lane. We advise to use base-balanced and varied barcodes that can tolerate one or two sequencing errors (e.g., similar to the Illumina TruSeq LT Kit barcodes, as provided in the TruSeq Sample Preparation Pooling Guide).
-Primers used for 7. Upon addition of the restriction buffer, the nuclei may visibly aggregate, which negatively infl uences the effi ciency of the restriction enzyme reaction. A short incubation of the nuclei at higher temperature (60 °C) in the presence of 0.3 % SDS will dissociate the aggregates, resulting in a somewhat milky solution without visible aggregates. The duration of the exposure to high temperature should be minimized though, as it negatively infl uences the integrity of formaldehyde cross-links.
8. The large volumes of ligation buffer result in large quantities of salt in the DNA solution, which are incompletely removed in the following cleanup steps (phenol-chloroform-IAA, ethanol, and QIAquick Spin Columns). Particularly DTT contamination results in a strong absorption at 260 nm, thereby interfering with the use of standard spectrophotometric determination of DNA concentration (e.g., using a NanoDrop). Dye incorporation based assays (e.g., Qubit or PicoGreen) are insensitive to the presence of salt contamination, and therefore provide a more reliable output. After PCR amplifi cation, dye incorporation can discriminate between double stranded and single stranded DNA as well, thereby accurately quantifying the amounts of PCR-amplifi ed DNA without measuring unincorporated primers.
